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FIELD OF THE INVENTION 
This invention relates in general to semiconductor technology, and in 
particular to semiconductor devices and their manufacture. 

BACKGROUND OF THE INVENTION 

[01] In a conventional vertical MOSFET (metal oxide semiconductor field effect 

transistor) device, it is desirable to minimize the drain-to-source resistance or Ros(on) of the 
device. Ros(on) is proportional to the amount of power consumed while the MOSFET device 
is on so that reducing Ros(on) reduces the amount of power consumed by the MOSFET 
device. Ros(on) could be reduced by increasing the dopant (or carrier) concentration in the 
drift region of the device. However, it may not be desirable to increase the dopant 
concentration, because increasing the dopant concentration reduces the breakdown voltage of 
the device. Conversely, the carrier concentration in the drift region of the MOSFET device 
cannot be reduced to increase the breakdown voltage without also undesirably increasing 

RDS(on)* 

[02] U.S. Patent No. 5,216,275 describes semiconductor devices with increased 

breakdown voltages and improved on-resistance properties. The devices of the type 
described in this patent are referred to as "superjunction" devices. Each of the described 
superjunction devices comprises a composite buffer layer. The composite buffer layer has 
alternating doped P and N regions that are charge balanced. According to the scientific 
literature, superjunction transistor devices exhibit 5-100 times lower specific on-resistance 
(Ron,s P ) than conventional high voltage MOSFET devices. 

[03] While such superjunction transistor devices exhibit high breakdown voltages 

and low on-resistance, they are difficult to manufacture. For a superjunction device to 
function properly, the alternating P and N doped regions in the composite buffer layer must 
be doped with the same amount of charge material to achieve a perfect charge balance. This 
is difficult to achieve in practice. See, for example, Shenoy et al., "Analysis of the Effect of 
Charge Imbalance on the Static and Dynamic Characteristics of the Super Junction 
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^ MOSFET" Proa of the ISPSD '99, pp. 95-98, 1999. In addition, because it is extremely 

difficult to precisely balance the doping in the composite buffer layer of a superj unction 
transistor device, the practical maximum electrical field achievable in the composite buffer 
layer is limited to approximately 2xl0 5 V/cm. The practical maximum electrical field 
achieved by a supeijunction transistor device limits its breakdown voltage. 

[04] It would be desirable to provide for an improved semiconductor device that is 

less difficult to manufacture and that has a higher breakdown voltage and a lower 
on-resistance than the supeijunction devices described above. 

SUMMARY OF THE INVENTION 

[05] Embodiments of the invention are directed to semiconductor devices and 

methods for making semiconductor devices. 

[06] One embodiment of the invention is directed to a semiconductor device 

comprising: a) a semiconductor substrate; b) a first region of a first conductivity type in the 
semiconductor substrate; c) a second region of a second conductivity type in the 
semiconductor substrate; d) a plurality of charge control electrodes, wherein each charge 
control electrode in the plurality of charge control electrodes is adapted to be biased 
differently than other charge control electrodes in the plurality of charge control electrodes; 
and e) a dielectric material disposed around each of the stacked charge control electrodes. 

[07] Another embodiment of the invention is directed to a field effect transistor 

comprising: a) a semiconductor substrate of a first conductivity type having a major surface, 
a drift region, and a drain region; b) a well region of a second conductivity type formed in the 
semiconductor substrate; c) a source region of the first conductivity type formed in the well 
region; d) a gate electrode formed adjacent to the source region; e) a plurality of stacked 
charge control electrodes buried within the drift region, wherein each charge control 
electrode of the plurality of stacked charge control electrodes is adapted to be biased 
differently than another charge control electrode in the plurality of charge control electrodes, 
wherein the plurality of stacked charge control electrodes is adapted to adjust an electrical 
field profile within the drift region of the semiconductor substrate; and f) dielectric material 
disposed around each of the stacked charge control electrodes. 
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[08] Another embodiment of the invention is directed to a method for forming a 

semiconductor device, the method comprising: a) providing a semiconductor substrate 
having a first region of a first conductivity type; b) forming a region of a second conductivity 
type in the semiconductor substrate; c) forming a first charge control electrode; and d) 
forming a second charge control electrode, wherein the first charge control electrode is 
adapted to be biased differently than the first charge control electrode. 

[09] Another embodiment of the invention is directed to a field effect transistor 

comprising: a) a semiconductor substrate of a first conductivity type having a major surface, 
a drift region, and a drain region; b) a well region of a second conductivity type formed in the 
semiconductor substrate; c) a source region of the first conductivity type formed in the well 
region; d) a source contact layer coupled to the source region; e) a gate electrode formed 
adjacent to the source region; f) a charge control electrode buried within the drift region, 
wherein the charge control electrode is adapted to be biased at a different potential than the 
gate electrode or the source contact layer, and is adapted to control the electric field in the 
drift region; and g) a dielectric material disposed around the charge control electrode. 

[10] Another embodiment of the invention is directed to a method for forming a 

field effect transistor comprising: a) providing a semiconductor substrate of a first 
conductivity type having a major surface, a drift region, and a drain region; b) forming a well 
region of a second conductivity type in the semiconductor substrate; c) forming a source 
region of the first conductivity type in the well region; d) forming a source contact layer on 
the source region; e) forming a gate electrode adjacent to the source region; f) forming a 
charge control electrode within the drift region, wherein the charge control electrode is 
adapted to be biased at a different potential than the gate electrode or the source contact layer, 
and is adapted to control the electric field in the drift region; and g) forming a dielectric 
material around the charge control electrode. 

[11] These and other embodiments of the invention will be described with 

reference to the following Figures and Detailed Description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[12] FIG. 1 shows a cross-sectional view of a vertical trench MOSFET device 

according to an embodiment of the invention. 
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[13] FIG. 2(a) shows a graph of electrical field and breakdown potential vs. 

distance (in microns) in a vertical trench MOSFET device according to an embodiment of the 
invention. 

[14] FIG. 2(b) shows a graph of electrical field and breakdown potential vs. 

distance (in microns) in a vertical trench MOSFET device according to a conventional 
vertical trench MOSFET device without charge control electrodes. 

[15] FIG. 3 shows a cross-sectional view of a vertical planar MOSFET device 

according to an embodiment of the invention. 

[16] FIG. 4 shows a cross-sectional view of a power diode device according to an 

embodiment of the invention. 

[17] FIG. 5 shows a cross-sectional view of a bipolar transistor according to an 

embodiment of the invention. 

[18] FIG. 6 shows a cross-sectional view of a lateral MOSFET according to an 

embodiment of the invention. 

[19] FIGS. 7(a)-7(i) show cross-sections of semiconductor substrates as stacked 

electrodes are formed within them. 

[20] These and other embodiments of the invention are described in further detail 

below. 

DETAILED DESCRIPTION 

[21] Embodiments of the invention are directed to semiconductor devices. The 

semiconductor devices are preferably power semiconductor devices. Examples such 
semiconductor devices include vertical MOSFETs (e.g., planar gated or trench gated vertical 
MOSFETs), lateral MOSFETs, bipolar transistors, power diodes, etc. 

[22] The semiconductor devices comprise a semiconductor substrate such as a 

silicon or gallium arsenide substrate. The semiconductor substrate comprises a region of a 
first conductivity type (e.g., an N-type region) and can have a major surface. A region of a 
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second conductivity type (e.g., a P-type region) is also formed within the semiconductor 
substrate. 



[23] In embodiments of the invention, the semiconductor device includes one or 

more charge control electrodes. The charge control electrodes may be biased with a different 
potential than the gate, source, and drain to control the electric field within the semiconductor 
material. In some embodiments, these charge control electrodes may be referred to as "field 
plates". The spacing and arrangement of the charge control electrodes can be set up in 
various stripe or cellular designs. In some embodiments, the sidewalls of each charge control 
electrode may be substantially parallel. 

[24] In preferred vertical semiconductor device embodiments, the charge control 

electrodes are stacked and buried within the semiconductor substrate. The stack of charge 
control electrodes is oriented generally vertically with respect to the major surface of the 
semiconductor substrate. A dielectric material is disposed around each of the stacked charge 
control electrodes to separate each of the charge control electrodes from the semiconductor 
material in the semiconductor substrate. In horizontal semiconductor device embodiments, 
the charge control electrodes can be laterally disposed on or in the semiconductor substrate 
and need not be stacked. In both the vertical and horizontal embodiments, the orientation of 
the plurality of charge control electrodes can be generally parallel to the direction of current 
flow in the drift region. 

[25] In some embodiments of the invention, there may be first, second, third, etc. 

pluralities of charge control electrodes. Each plurality of charge control electrodes can be 
embedded in a separate dielectric material structure. These different pluralities of charge 
control electrodes can be located at any suitable place in the semiconductor device. For 
example, in a vertical MOSFET device, the different pluralities of stacked charge control 
electrodes can be disposed under a gate of the device, and/or to the side of the gate. The 
different pluralities of charge control electrodes can function independently of each other or 
together to alter the electric field within the semiconductor substrate. 

[26] Each charge control electrode in a plurality of charge control electrodes is 

adapted to be biased differently than other charge control electrodes in the same plurality of 
charge control electrodes. The differently biased charge control electrodes can be used to 
adjust the electric field within the semiconductor substrate. When a vertical MOSFET device 
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is in a blocking state, for example, the charge control electrodes within a plurality of charge 
control electrodes can be differently biased to maintain a substantially uniform and high 
electric field within the drift region of the semiconductor substrate. By maintaining a 
substantially uniform electric field within the drift region, the breakdown voltage of the 
vertical MOSFET device is increased. The drift region can be highly doped to reduce the 
on-resistance of the semiconductor device without compromising the breakdown voltage 
properties of the device. Accordingly, in embodiments of the invention, semiconductor 
devices having high breakdown voltages and/or low on-resistance properties can be 
produced. 

[27] Embodiments of the invention have a number of advantages over conventional 

semiconductor devices (e.g., vertical MOSFET devices). For example, in embodiments of 
the invention, the charge control electrodes are used for charge spreading in the 
semiconductor substrate. Charge spreading in the drift region of a device is controlled by the 
bias of the charge control electrodes, which can be set precisely. Consequently, the 
maximum electric field in the semiconductor substrate can be much greater than about 2xl0 5 
V/cm, the maximum practical electric field achievable by superjunction devices. In 
embodiments of the invention, the maximum electric field that can be created in the 
semiconductor substrate is limited only by the ability of the dielectric material surrounding 
the charge control electrodes to support the voltages of the charge control electrodes. The 
maximum electric field achievable in embodiments of the invention can easily exceed 
3.5xl0 5 V/cm, a value greater than the electric field achievable in a superjunction device. 
Another advantage of the proposed structure is the relative ease of making narrow charge 
distribution regions in the semiconductor substrate. This improves the usage and efficiency 
of the semiconductor substrate. Also, the semiconductor devices according to embodiments 
of the invention do not require the use of a composite buffer layer with precisely doped 
regions of opposite conductivity types. Accordingly, the problems associated with 
manufacturing precisely doped regions of opposite conductive types are reduced or 
eliminated. Furthermore, in embodiments of the invention, the semiconductor devices can 
have breakdown ratings in the low to mid voltage ranges, while exhibiting low on-resistance. 
For example, for a 150V N-channel power MOSFET, the on-resistance per unit area of 
embodiments of the invention has been simulated to be 50% less than the on-resistance per 
unit area of conventional 150V N-channel power MOSFETs. While superjunction devices 
have low on-resistance properties, the precise doping requirements of superjunction devices 



have prevented them from being made with breakdown voltage ratings in lower to mid 
voltage ranges (e.g., < 200 V). The lower the voltage at which diffused P/N columns are 
used, the smaller the pitch that is required. Thermal processing makes such small-pitch 
structures difficult to form because of inevitable inter-dopant diffusion problems. 
Embodiments of the invention do not have such limitations. 

[28] FIG. 1 shows a cross-sectional view of a trench MOSFET device 200 

according to an embodiment of the invention. The MOSFET device 200 includes a 
semiconductor substrate 250 that has a major surface 252. The semiconductor substrate 250 
is of a first conductivity type. In this example, the first conductivity type is N-type and the 
semiconductor substrate 250 includes an N" drift region 240 and an drain region 218. The 
drift region 240 can correspond to the "epitaxial" or "epi" layer in a vertical MOSFET 
device. A drain electrode 226 is adjacent to the drain region 218 and may serve as a drain 
terminal for the trench MOSFET device 200. 

[29] The trench MOSFET device 200 includes a well region 230 of a second 

conductivity type and a source region 232 formed in the well region 230. In this example, the 
second conductivity type is P-type and the source region 232 has N* doping. A P + heavy 
body region 246 may also be formed in the semiconductor substrate 250. 

[30] A gate structure 236 is formed in a trench 210(b) and may therefore be 

considered a trenched gate structure. The gate structure 236 may comprise any suitable 
conductive material including doped or undoped polysilicon, or metal (e.g., refractory 
metals). In this example, the gate structure 236 fills a U-groove in a dielectric material 
206(b) in the trench 210(b). In other embodiments, the gate structure could fill a V-groove in 
a dielectric material. The dielectric material 206(b) that surrounds the gate structure 236 may 
comprise one or more of, for example, silicon dioxide, silicon nitride, glass, etc. 

[31] A dielectric cap structure 208 covers the gate structure 236 to isolate the gate 

structure 236 from the source region 232. The dielectric cap structure 208 may comprise, for 
example, borosilicate glass. A source contact layer 202 can contact the N* source region 232. 
The source contact layer 202 can comprise a material such as tungsten, or a polycide. A 
source metal layer 242 may comprise a metal such as aluminum and can cover the source 
contact layer 202, as well as the dielectric cap structure 208. 
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[321 A plurality of trenches 210(a)-210(c) is formed in the semiconductor substrate 

250. Each of the trenches 21 0(a)-2 10(c) extends from the major surface 252 and into the 
drift region 240. The bottoms of the trenches 210(a)-210(c) are above the drain region 218, 
but could extend into the drain region 218. 

[33] Different pluralities of charge control electrodes are in the MOSFET device. 

Each charge control electrode maybe formed of any suitable material. For example, the 
charge control electrodes can be formed from doped or undoped polysilicon, or metal. 

[34] In the example shown in FIG. 1, a first plurality of charge control electrodes 

212(a)-212(b), a second plurality of charge control electrodes 214(a)-214(b), and a third 
plurality of charge control electrodes 216(a)-216(b) are respectively disposed in first, second, 
and third of trenches 210(a)-210(c). Charge control electrodes within a common trench are 
shown in a stacked relationship. The charge control electrodes are separated from each other 
and from the N~ drift region 240 by the dielectric material 206(a)-206(c) within each of the 
trenches 210(a)-210(c). Charge control electrodes within different pluralities of charge 
control electrodes can be at about the same vertical distance from the major surface 252. For 
example, charge electrodes 212(a), 214(a), and 216(a) may be at the same vertical position 
within the semiconductor substrate 252. 

[35] In this example, each plurality of charge control electrodes in each trench 

consists of two charge control electrodes. Although two charge control electrodes are shown 
in each of the trenches 210(a)-210(c) in the embodiment illustrated in FIG. 1, it is understood 
that any suitable number of charge control electrodes can be present in each trench in 
embodiments of the invention. For example, in some embodiments of the invention, there 
may be three, four, five, etc. vertically stacked charge control electrodes in each trench. In 
general, a more uniform electric field can be created in the drift region 240 if there are more 
charge control electrodes per stack of charge control electrodes. 

[36] In other embodiments (e.g., the field effect transistor embodiments), there can 

be one charge control electrode (e.g., per trench) buried in the drift region of a device. The 
one charge control electrode may be disposed directly under a gate electrode or could be 
disposed to a side of a gate electrode. In a field effect transistor, the one or more charge 
control electrodes are preferably biased at a different potential than the source contact metal, 
the gate electrode and/or the drain electrode. 
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[37] 



In the MOSFET device embodiments including a gate electrode, one ormore 



charge control electrodes can be located at any suitable region. For example, the charge 



control electrodes may be disposed/for examplej(i) to one or both sides of the gate electrode 

and not directly under the gate electrode, (ii) only directly under the gate electrode, but not to 
the sides of the gate electrode, or (iii) directly under the gate electrode and to the sides of the 
gate electrode. As noted above, gate electrode may be trenched or planar. 



216(a)-216(b) can be individually biased with biasing elements (not shown) that may be 
formed in or on the semiconductor substrate 250. The biasing elements may bias the charge 
control electrodes 21 2(a)-2 12(b), 214(a)-214(b), 216(a)-216(b) at potentials that are different 
from the source contact metal 202, the gate electrode 236, and/or the drain electrode 226. 
Any suitable biasing element could be used to bias the charge control electrodes. For 
example, the biasing elements can be resistors with different resistance values in a voltage 
divider. Alternatively, the biasing elements could be a series of diodes with different voltage 
ratings. Examples of suitable diodes can be found in U.S. Patent No. 5,079,608, which is 
herein incorporated by reference in its entirety. In some embodiments, the biasing elements 
may be coupled to the charge control electrodes. For example, the source electrode 242 
could be tapped with the biasing elements to provide the charge control electrodes 
212(a)-212(b), 214(a)-214(b), 216(a)-216(b) with appropriate bias voltages. The biasing 
elements could also be coupled to the gate electrode 216, or the drain electrode 226. 

[39] The biased charge control electrodes 212(a)-212(b), 214(a)-214(b), 

216(a)-216(b) in each trench 210(a)-210(c) can be used to alter the electrical field within the 
drift region 240 of the semiconductor substrate 250. When the device 200 is in the blocking 
state, the biased charge control electrodes 212(a)-212(b), 214(a)-214(b), 216(a)-216(b) alter 
the electrical field within the drift region 240 so that the resulting electrical field profile in the 
drift region 240 is higher and more uniform if no charge control means were present in the 
drift region 218. Preferably, the biased charge control electrodes 212(a)-212(b), 
214(a)-214(b), 216(a)-216(b) alter the electrical field within the drift region 240 so that the 
electrical field is high and is substantially uniform throughout a substantial portion of the drift 
region 218 or at least in the zones where current flows through the drift region 240 from the 
source regions 232 to the drain region 218. 





[38] 



Each of the charge control electrodes 212(a)-212(b), 214(a)-214(b), 



[40] The electric field in the drift region can be governed by y the following equation 

where E is the electric field, V s is the voltage at a point in the semiconductor substrate, V C ce 
is the voltage in the charge control electrode, and d is the thickness of the dielectric material 
between the point in the semiconductor substrate and the charge control electrode: 

V -V 
£ — s CCE 

d 

In an illustrative example, referring to FIG. 1, a generally constant electric field of about 3.0 
x 10 5 V/cm in the drift region 240 may be produced using the charge control electrodes 
214(a)-214(b), 216(a)-216(b). The thickness t of the dielectric material 206(b), 206(c) in the 
trench 210(b), 210(c) may be about 1 micron. At point A in the drift region 240, the 
semiconductor may have a potential of about 40 V while the potential at point B in the drift 
region 240 may be about 60V. To maintain a constant, horizontally oriented electrical field 
of about 3.0 x 10 5 V/cm in the drift region 240, first charge control electrodes 214(a), 216(a) 
in the respective trenches 210(b), 210(c) can be biased to 10V while second charge control 
electrodes 214(b), 216(b) can be biased to 30V. As illustrated in this example, the bias 
voltage applied to the different, individual charge control electrodes can increase from the P 
body/N" drift junction towards the drain region. As shown in this example, in some 
embodiments, charge control electrodes at the same vertical position in a semiconductor 
substrate, but within different pluralities of charge control electrodes, can be biased at about 
the same voltage. For example, in the MOSFET device 200 in FIG. 1, lower charge control 
electrodes 212(b), 214(b), 216(b) can be similarly biased. However, in some embodiments, 
the bias voltage applied to the lower charge control electrodes 212(b), 214(b), 216(b) would 
be different than the bias voltage applied to the upper charge control electrodes 212(a), 
214(a), 216(a). 

[41] Using differently biased charge control electrodes in the drift region of a 

semiconductor device "flattens" out the electric field profile across the drift region (as 
compared to the electric field profile that would be present in a drift region without the 
charge control electrodes). If the charge control electrodes are not present, the electric field 
profile would be "triangular" across the drift region. In a conventional device, the electric 
field is at a maximum at the body/drift or well/drift PN junction and is at a minimum at the 
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drain region. The electric field profile then decreases linearly from the PN junction to the 
drain region. The present inventor has determined that a flatter and higher electric field 
profile across the drift region of a semiconductor device leads to increased breakdown 
voltages. The flatter and higher electric field in the drift region can be produced using charge 
control electrodes. In general, the use of more differently biased, charge control electrodes in 
the drift region can result in a more uniform electric field in the drift region. 

[42] Illustratively, FIG. 2(a) shows a graph of electrical field and breakdown 

potential vs. vertical distance through the vertical trench power MOSFET device with two 
stacked charge control electrodes. The graph is the result of a computer simulation. Lower 
values on the x-axis (i.e., Y(microns)) represent points in the semiconductor substrate that are 
proximate the source region of the MOSFET device while the higher values represent points 
that are proximate the drain region. The values on the x-axis of the graph represent a 
particular vertical position in the semiconductor substrate. 

[43] The graph shown in FIG. 2(a) has two lines, a first line 12 of the electrical 

field (Em) as a function of distance and a second line 14 showing breakdown potential as a 
function of distance. The first line 12 includes a peak 16(a) corresponding to the electric 
field at a PN junction in the semiconductor substrate (e.g., a P well/N drift diode). Peak 
16(b) can correspond to the local maximum electric field due to a first charge control 
electrode (e.g., charge control electrode 216(a) in FIG. 1). The first charge control electrode 
may be biased to, for example, 25 V. Peak 16(b) can correspond to the local maximum 
electric field due to a second charge control electrode (e.g., charge control electrode 216(b) 
shown in FIG. 1). The second charge control electrode can be biased to, for example, 64V. 
As shown in FIG. 2(a), the first line 12 has a generally trapezoidal shape. It has local 
maxima where the charge control electrodes and a PN junction are present, and also saddles 
between the local maxima. If more charge control electrodes are used, the top of the 
trapezoidal shape would be flatter and less saddled. The second line 14 shows that the 
breakdown potential is smaller near the PN junction and is larger closer to the drift region of 
the semiconductor device. As shown by the second line 14, the breakdown potential rises 
slowly through the drift region. 

[44] In comparison, FIG. 2(b) shows a graph of electrical field and breakdown 

potential vs. vertical distance for a conventional vertical MOSFET device (without charge 
control electrodes) as produced by a computer simulation. The graph includes a first line 22 
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and a second line 2 i. The first line 22 is a function of electrical field vs. distance while the 
second line 24 is a function of breakdown voltage vs. distance. As shown by the first line 22, 
a maximum 26 electrical field is present at the PN junction in the MOSFET device and the 
electrical field decreases toward the drain region. The first line 22 shows that the electrical 
field profile through the thickness of the semiconductor device is "triangular" instead of 
generally flat as shown in FIG. 2(a). The second line 24 shows that the breakdown voltage 
rises quickly through the drift region. 

[45] A comparison of the graph functions for the breakdown potential vs. distance 

shows that the breakdown potential rises faster towards the drain region in the conventional 
MOSFET device than the MOSFET device according to an embodiment of the invention. 
Compare, for example, line 14 in FIG. 2(a) and line 26 in FIG. 2(b). The computer 
simulations indicate that embodiments of the invention will have a higher breakdown voltage 
than MOSFET devices that do not have charge control electrodes. For example, computer 
simulations have indicated that, for the same drift region carrier concentration, the breakdown 
voltage of a conventional MOSFET device was about 80 V while the breakdown voltage of a 
MOSFET device with charge control electrodes was estimated to be about 138 V. 

[46] Various other device embodiments with charge control electrodes can be 

described with reference to FIGS. 3 to 6. 

[47] FIG. 3 shows a vertical MOSFET 100 according to another embodiment of the 

invention. The vertical MOSFET 100 also includes a semiconductor substrate 150 with a P + 
well region 130 and an N* source region 132 formed therein. A P + body region 146 is also 
proximate the 1ST 1 " source region 132. A drain region 118 and a drift region 140 are also 
present in the semiconductor substrate 150. A drain electrode 126 contacts the N* drain 
region 118 while a source metal 102 contacts the source region 132. In this Figure, the 
vertical MOSFET 100 has a planar gate structure 120 surrounded by a gate oxide 122 Also, 
in this example, there are no charge control electrodes beneath the planar gate structure 120. 

[48] Two trenches 1 10(a)-l 10(b) are disposed at opposite sides of the gate 

structure 120. Each trench 11 0(a)- 11 0(b) includes stacked, charge control electrodes 
112(a)-l 12(b), 114(a)-114(b) that are isolated from each other and from the semiconductor 
material in the drift region 140 by a dielectric material 106(a), 106(b). As noted above, 
although two charge control electrodes 112(a)-! 12(b), 114(a)-! 14(b) are present per trench 
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or per plurality of charge control electrodes in this example, there may be three, four, five, 
etc. or more charge control electrodes per trench or per plurality of charge control electrodes 
in other embodiments. 



[49] The charge control electrodes 112(a)-l 12(b), 114(a)-114(b) can be 

appropriately biased to form a substantially uniform electric field within the drift region 140 
of the vertical MOSFET device 100. Biasing elements (not shown) such as diodes or a 
voltage divider can be used to appropriately bias the charge control electrodes 112(a)-l 12(b), 
114(a)-l 14(b). The biasing elements can be coupled to the source, gate, or drain of vertical 
MOSFET device 100. 

[50] FIG. 4 shows a power diode 80 according to an embodiment of the invention. 

The power diode 80 includes a semiconductor substrate 85 with a first region 86 of a first 
conductivity type and a second region 82 of a second conductivity type. In this example, the 
first region 86 has N doping and the second region 82 has P + doping. The semiconductor 
substrate 85 also includes a contact region 84 of the first conductivity type (i.e., an N* 
region). 

[51] A plurality of trenches 98(a)-98(d) are formed in the semiconductor substrate 

85. Each trench 98(a)-98(d) may extend from a major surface of the semiconductor substrate 
85 to a predetermined distance into the semiconductor substrate 85. 

[52] Each trench 98(a)-98(d) contains a plurality of stacked, charge control 

electrodes 90(a)-90(b), 92(a)-92(b), 94(a)-94(b) ? 96(a)-96(b). Like the previously described 
embodiments, the charge control electrodes may be differently biased using biasing elements 
(not shown). A dielectric material 88(a)-88(d) (e.g., silicon dioxide) may be in each of the 
trenches 98(a)-98(d) to isolate the charge control electrodes 90(a)-90(b), 92(a)-92(b), 
94(a)-94(b), 96(a)-96(b) from semiconductor material in the first region 86 of the first 
conductivity type. 

[53] The differently biased charge control electrodes 90(a)-90(b), 92(a)-92(b), 

94(a)-94(b), 96(a)-96(b) can form a uniform electric field throughout the first region 86 of 
the first conductivity type to increase the breakdown voltage of the power diode 80. Like the 
prior embodiments, the first region 86 of the first conductivity type can be more heavily 
doped to decrease the resistance in the power diode's forward bias state, while increasing the 
blocking voltage in the power diode's reverse bias state. 
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[54] FIG. 5 shows a cross-sectional view of a bipolar transistor 300 according to an 

embodiment of the invention. The bipolar transistor 300 includes a semiconductor substrate 
350 with an N* drift region (or N" epi region) 340 and an N + region 318. 

[55] The semiconductor substrate 350 also includes an N emitter region 332 

formed within a P base region 330. A base metal 342 is coupled to the P base region 330 and 
an emitter metal 302 is coupled to the emitter region 332. An N collector region 316 and a 
collector metal 326 are spaced from the emitter metal 302 and the N emitter region 332. 

[56] An interlevel dielectric layer 306 isolates the base metal 342 and the emitter 

metal 302. The interlevel dielectric layer 306 also encapsulates biased charge control 
electrodes 314(a), 314(b). Biasing elements (not shown) may be adapted to bias the charge 
control electrodes 314(a), 314(b) with different potentials. The biasing elements may be 
coupled to the base metal 342, source emitter metal 302, or the collector metal 326. When 
the charge control electrodes 314(a), 314(b) are properly biased, they can control the electric 
field within the area of the drift region 340 between the P-base 330 and the N collector region 
316. 

[57] In alternative embodiments, the charge control electrodes 314(a), 314(b) could 

be buried in the drift region 340 of the bipolar transistor 300. A dielectric material can cover 
the buried charge control electrodes. 

[58] FIG. 6 shows a lateral MOSFET device 400 according to an embodiment of 

the invention. The lateral MOSFET 400 includes a semiconductor substrate 450 with an N* 
drift region 440 and a IsT region 418. A P* well region 430 is formed in the semiconductor 
substrate 450. A P + body region 430 and an N* source region 432 are formed within the P" 
well region 430. An IST drain region 428 is separated from the P" well region 430 by the drift 
region 440. A source metal 442 and a drain metal 426 are respectively coupled to the N* 
source region 432 and the N + drain region 428. 

[59] A planar gate structure 416 is between the N* source region 432 and the N* 

drain region 428. Biased electrodes 414(a), 414(b) are spaced from the major surface of the 
semiconductor substrate 450. The biased electrodes 414(a), 414(b) and the planar gate 
structure are covered by an interlevel dielectric layer 406. Biasing elements (not shown) may 
be used to bias the electrodes 414(a), 414(b). 
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[60] In alternative embodiments, the charge control electrodes 414(a), 414(b) could 

be buried in the drift region 440 of the MOSFET device 400. A dielectric material can cover 
the buried charge control electrodes. 

[61] Other embodiments of the invention are directed to methods for forming 

semiconductor devices with charge control electrodes. For example, in some embodiments, a 
semiconductor substrate having a first region of a first conductivity type is obtained. A 
second region of a second conductivity type is formed in the semiconductor substrate. Before 
or after forming the second region of the second conductivity type, a first charge control 
electrode and a second charge control electrode are formed. The first and second charge 
control electrodes may be adjacent to each other and may be formed in the semiconductor 
substrate or on the semiconductor substrate. The first charge control electrode is adapted to 
be biased differently than the first charge control electrode. 

[62] Exemplary method embodiments for forming stacked charge control 

electrodes within a trench in a semiconductor substrate can be described with reference to 
FIGS. 7(a) to 7(i). 

[63] Referring to FIG. 7(a), a semiconductor substrate 500 can first be obtained and 

a trench 502 can be etched in the semiconductor substrate 500. . An anisotropic etching 
process can be used to form the trench 502. After forming the trench 502, a first oxide layer 
504 is formed on the walls of the trench 502 and on the major surface of the semiconductor 
substrate 500. The first oxide layer 502 can be formed by, for example, an oxidation process 
or deposition process such as chemical vapor deposition (CVD). 

[64] Referring to FIG. 7(b), after forming the oxide layer 504, a polysilicon layer 

510 can be formed on the semiconductor substrate 500 so that the trench 502 is filled with 
polysilicon. The polysilicon that fills the trench 502 can be used to form a first charge 
control electrode (not shown). 

[65] Referring to FIG. 7(c), after forming the polysilicon layer 510, a polysilicon 

recess etch can be performed to form a first charge control electrode 508. Typically, the 
polysilicon layer 510 is etched with a dry RLE (reactive ion etch) etch process. As shown in 
FIG. 7(c), the produced charge control electrode 508 is disposed well below the major surface 
530 of the semiconductor substrate 500 and is also buried within the semiconductor substrate 
500. 
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(66) Referring to FIG. 7(d), after forming the first charge control electrode 508, a 

dielectric layer 514 can be deposited on the semiconductor substrate 500 to fill the empty 
spaces of the trench 502. The dielectric layer 514 may comprise, for example, glass such as 
BPSG (borophosphsilicate glass) or BSG (borosilicate glass). If glass is used, the glass can 
be deposited using, for example, a vapor deposition process with a subsequent reflow step. In 
the reflow step, the entire structure is heated to flow the glass so that it can fill the empty 
spaces of the trench 502. Alternatively, a dielectric material such as silicon oxide or silicon 
nitride could be used in the dielectric layer 514. 

[67] Referring to FIG. 7(e), after depositing the dielectric layer 514, it is etched 

with a suitable etchant in another recess etch process. The dielectric layer 514 is etched so 
that a dielectric structure 516 is on the first charge control electrode 508. The dielectric 
structure 516 can serve as a barrier between the first charge control electrode 508 and a later 
formed second charge control electrode (not shown). 

[68] Referring to FIG. 7(f), after forming the dielectric structure 516, a second 

oxide layer 518 can be formed on the semiconductor substrate 500. Like the previously 
described first oxide layer, the second oxide layer 518 can be formed using an oxidation 
process or a vapor deposition process (e.g., CVD). 

[69] Referring to FIG. 7(g), after forming the second oxide layer 518, another 

polysilicon layer 520 can be formed on the semiconductor substrate 500. The polysilicon 
layer 520 can be formed in the same or different manner as the previously described 
polysilicon layer. 

[70] Referring to FIG. 7(h), after the polysilicon layer 520 is formed, another 

recess etch process is performed to form a second charge control electrode 522. In this 
example, the second charge control electrode 522 is disposed below the major surface 530 of 
the semiconductor substrate 500. Both the first and second charge control electrodes 508, 
522 are separated from each other and from the semiconductor material in the semiconductor 
substrate 500 by a dielectric material. 

[71] As shown in FIG. 7(i), after forming the second charge control electrode 522, 

a portion of the second oxide layer 518 can be removed so that the remaining portion is 
below the major surface of the semiconductor substrate 500. It is apparent that the general 
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process sequence described herein could be used to form additional charge control electrodes 
on top of, or to the sides of the second charge control electrode 522. 

[72] After forming the first and second charge control electrodes 508, 522, various 

well known process steps used to form MOSFET devices (e.g., well formation, body 
formation, source formation, etc.) can be performed on the structure shown in FIG. 7(i). 
Alternatively, one or more MOSFET device process steps such as well formation, body 
formation, and source formation can be performed before the formation of the first and/or the 
second charge control electrodes 508, 522. 

[73] Additional details regarding the formation of well regions, gate structures, 

source regions, and heavy bodies are present in U.S. Patent Application No. .08/970,221 
entitled "Field Effect Transistor and Method of Its Manufacture", by Brian Sze-Ki Mo, Due 
Chau, Steven Sapp, Izak Bencuya, and Dean Edward Probst. This application is assigned to 
the same assignee as the assignee of the present application and the application is herein 
incorporated by reference in its entirety for all purposes. 

[74] The process sequence described with reference to FIGS. 7(a) to 7(i) can also 

be used to form a trench with a gate structure and a charge control electrode in the trench. 
For example, the charge control electrode 522 shown in FIG. 7(h) could be formed as a gate 
structure instead of a charge control electrode. In this case, there would be one charge 
control electrode 508 under the formed gate structure. 

[75] In some embodiments, field effect transistors can be formed by providing a 

semiconductor substrate of a first conductivity type having a major surface, a drift region, and 
a drain region. A well region of a second conductivity type is formed in the semiconductor 
substrate and a source region of the first conductivity type is formed in the well region. After 
forming the source region, a source contact layer is formed on the source region. Before or 
after these steps, a gate electrode is formed adjacent to the source region. Before or after 
forming the source region and/or the gate electrode, one or more charge control electrodes are 
formed and buried within the drift region. Each charge control electrode is adapted to be 
biased at a different potential than the gate electrode or the source contact layer, and each 
charge control electrode is adapted to control the electric field in the drift region. A dielectric 
material is formed around the charge control electrodes in one or more steps. The formation 
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of charge control electrodes and a dielectric material covering charge control electrodes is 
shown in FIGS. 7(a) to 7(i). 



[76] Although a number of specific embodiments are shown and described above, 

embodiments of the invention are not limited thereto. For example, it is understood that the 
doping polarities of the structures shown and described could be reversed and/or the doping 
concentrations of the various elements could be altered without departing from the invention 

[77] While the foregoing is directed to certain preferred embodiments of the 

present invention, other and further embodiments of the invention may be devised without 
departing from the basic scope of the invention. Such alternative embodiments are intended 
to be included within the scope of the present invention. Moreover, the features of one or 
more embodiments of the invention may be combined with one or more features of other 
embodiments of the invention without departing from the scope of the invention. For 
example, although the vertical device shown in FIG. 1 does not show charge control 
electrodes under the gate, charge control electrodes could be under the gate in other 
embodiments of the invention. 



18 



